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con?gured to resonate at a central frequency that shifts in 
response to the process ?uid parameter. The tuner is con?g 
ured to tune the central frequency. The signal coupler is 
con?gured to receive a query signal, and to transmit an echo 
signal When the query signal matches the shifted central fre 
quency. 

22 Claims, 4 Drawing Sheets 
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RF CAVITY-BASED PROCESS FLUID 
SENSOR 

BACKGROUND 

This invention relates generally to ?uid processing, and 
speci?cally to remote sensing systems for process ?uid mea 
surement and control. In particular, the invention concerns a 
passive sensor system for remote processing locations in 
Which poWer consumption and communications require 
ments are signi?cant design concerns. 

Precise and accurate ?uid measurements are essential to a 

Wide range of processing applications, including bulk ?uid 
storage and transport, food and beverage preparation, chem 
istry and pharmaceutical production, Water and air distribu 
tion, environmental control, agriculture, hydrocarbon extrac 
tion, fuel re?ning, and a range of manufacturing processes 
utiliZing thermoplastics, thin ?lms, glues, resins and other 
?uidic materials. Many of these applications require sensor 
placement in remote, isolated or limited-access locations, or 
in processing environments subject to high temperatures, 
extreme pressures, explosive atmospheres, corrosive agents 
and other hazardous conditions. 

In these applications, poWer consumption and communi 
cations requirements can in?uence system cost, and may 
impose limitations on overall system design. There is an 
ongoing need for remote sensing systems that address these 
poWer and communications concerns in a cost effective man 

ner, and are appropriate to a Wide range of remote, limited 
access and hazardous operating environments. 

SUMMARY 

This invention concerns a remote system for measuring 
process ?uid parameters. The system comprises a cavity con 
?gured to resonate at a central resonance frequency, a tuner 
con?gured to tune the resonance frequency, and a signal 
coupler. The cavity comprises a Waveguide or RF cavity reso 
nator having a resonance frequency that shifts in response to 
thermodynamic (pressure or thermal) contact With a process 
?uid. The tuner is coupled to the cavity, and tunes the reso 
nance frequency by adjusting the cavity’ s effective resonance 
length. The signal coupler is also coupled to the cavity, and is 
con?gured to transmit an echo When an incoming query sig 
nal matches the tuned and shifted resonance frequency. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cutaWay schematic shoWing a remote sensor 
system for process ?uid measurements, in a Wireless embodi 
ment. 

FIG. 2A is a cutaWay schematic shoWing the remote sensor 
system of FIG. 1, in a cabled embodiment. 

FIG. 2B is an alternate cutaWay schematic shoWing the 
remote sensor system of FIG. 1, in an embodiment utiliZing 
both cabled and Wireless sensors. 

FIG. 3A is a perspective vieW of a remote sensor for the 
system of FIG. 1, in a Wireless embodiment With a cylindrical 
cavity resonator. 

FIG. 3B is an alternate perspective vieW of the remote 
sensor in FIG. 3A, in a cabled embodiment With a different 
longitudinal aspect ratio. 

FIG. 4A is a perspective vieW of a rectangular resonator for 
the remote sensor system of FIG. 1. 

FIG. 4B is an alternate perspective vieW of the rectangular 
resonator in FIG. 4A, in an embodiment With an arbitrary 
transverse aspect ratio. 
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2 
DETAILED DESCRIPTION 

FIG. 1 is a cutaWay schematic shoWing remote sensor 
system 10 for process ?uid measurements, in a Wireless 
embodiment. System 10 comprises transmitter 11 and cavity 
based process ?uid sensors 12, Which are in thermodynamic 
contact With process ?uid 13 inside process reservoir 14. In 
this Wireless embodiment, transmitter 11 and sensors 12 form 
a Wireless link via RF (radio-frequency) query signals 15A, 
propagating from transmitter 11 to sensors 12, and RF 
response signals 15B, propagating from sensors 12 to trans 
mitter 11. 

Transmitter 11 comprises transmitter housing 16 With 
microprocessor/controller 17 (shoWn in dashed lines), signal 
broadcast element 18 and signal receive element 19. Housing 
16 is formed from strong, durable, machinable materials such 
as aluminum, steel, stainless steel and other metals, from 
durable polymer materials such as PVC plastic or ABS plas 
tic, or from a combination thereof. Housing 16 is shaped into 
a number of side Walls, end Walls, cover plates and other 
structures, Which are assembled by mechanical means such as 
Welds, screWs or bolts. Housing 16 forms a protective enclo 
sure for microprocessor 17 and the other internal components 
of transmitter 11, and provides a mounting body for external 
components including broadcast and receive elements 18 and 
19. Typically, housing 16 also forms a ?uid and pressure seal 
to protect the interior from leaks and from corrosive or explo 
sive agents. 

Controller 17 performs communications, control and sig 
nal processing functions for transmitter 11, including opera 
tion of broadcast and receive elements 18 and 19. Communi 
cations betWeen transmitter 11 and process monitor/system 
controller 20 are provided via various hardWare and Wireless 
connections such as a loop Wire or poWer/data bus, infrared 
(IR), optical or RF systems, or combinations thereof. Process 
communications also utiliZe a range of different command 
and control protocols including, but not limited to, standard 
analog (4-20 mA) protocols, hybrid analog-digital protocols 
such as HART®, and digital protocols such as FoundationTM 
Fieldbus and PROFI®BUS/PROFI®NET protocols. A range 
of transmitters and other ?eld devices utiliZing these repre 
sentative communications systems are available, for 
example, from Rosemount Inc. of Chanhassen, Minn., an 
Emerson Process Management company. 

In the Wireless embodiment of FIG. 1, signal broadcast 
element 18 comprises an RF broadcast antenna for transmit 
ting Wireless RF query signals 15A to sensors 12, and signal 
receive element 19 comprises an RF receiver antenna for 
acquiring Wireless response signals 15B from sensors 12. In 
some embodiments, broadcast and receive elements 18 and 
19 are distinct, as shoWn in FIG. 1, and in other embodiments 
elements 18 and 19 are combined into a single transceiver 
device With both broadcast (signal transmission) and recep 
tion (signal acquisition or collection) functions. 
RF signals 15A and 15B encompass a Wide range of fre 

quency and Wavelength bands, including microWaves, short 
Wave radio signals, high frequency radio signals and ultra 
high frequency radio signals. In typical embodiments, RF 
signals 15A and 15B range in frequency from about 300 MHZ 
to about 30 GHZ, corresponding to vacuum Wavelengths from 
about one centimeter (1 cm) to about one meter (1 m). In 
extended-range embodiments, RF signals 15A and 15B range 
in frequency from about 30 MHZ to about 300 GHZ, and in 
vacuum Wavelength from about one millimeter (1 mm) or less 
to about ten meters (10 m) or more. 

Sensors 12 are cavity-based sensors for process ?uid mea 
surements, each comprising resonator cavity 21, signal cou 
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pler 22 and cavity tuner 23. Sensors 12 are positioned such 
that cavity resonator 21 is in thermodynamic contact With 
process ?uid 13, for instance by utilizing sensor mount 24, 
Which positions sensors 12 inside reservoir 14 at least par 
tially Within ?uid 13. 

Process ?uid 13 is typically a bulk liquid stored in reservoir 
14, such as Water, ammonia, a chemical solvent or other 
chemical solution, or a ?uid hydrocarbon fuel. In alternate 
embodiments, reservoir 14 represents an oil dome or other 
natural reservoir, in Which sensors 12 are typically utiliZed in 
a cabled embodiment (see FIG. 2A) for a doWn-hole applica 
tions. In further embodiments, reservoir 14 represents a pres 
sure vessel, a processing vessel, a ?oW conduit, a ?oW pipe, or 
another element of a ?uid extraction, storage, transportation, 
or processing system, and ?uid 13 is in liquid, gaseous or 
multi-phase form. 

In Wireless embodiments, reservoir 14 is sometimes 
formed of a material that is relatively permeable to RF sig 
nals, such as plastic or another polymer material. In these 
embodiments, signals 15A and 15B propagate through the 
Wall of reservoir 14, as shoWn in FIG. 1. Alternatively, reser 
voir 14 is provided With one or more RF permeable WindoWs 
25, Which are positioned to alloW Wireless RF communica 
tions betWeen transmitter 11 and one or more sensors 12. 

Thermodynamic contact betWeen sensors 12 and process 
?uid 13 encompasses both thermal contact and pressure con 
tact, such that sensors 12 are subject to the pressure and 
thermal conditions of process ?uid 13 at the location of cavity 
resonator 21. In some embodiments, thermodynamic contact 
betWeen sensors 12 and process ?uid 13 also provides differ 
ential pressure sensitivity, such that sensors 12 are responsive 
to differential pressure effects along cavity resonator 21, 
including differential pressure effects due to ?uid ?oW. 

Each cavity-based remote sensor 12 has a central reso 
nance frequency that depends upon the geometrical proper 
ties of cavity resonator 21. These geometrical properties are 
described, for example, by an effective resonance length. 
When sensor 12 is positioned in thermodynamic contact With 
?uid 13, the effective resonance length varies, such that the 
central resonance frequency shifts in response to the thermo 
dynamic properties of ?uid 13. In particular, the effective 
resonance length and central resonance frequency shift or 
vary in response to pressure, temperature and ?oW rates along 
or proximate cavity resonator 21. 

In one embodiment, for example, sensor 12 comprises a 
level sensor and the effective resonance length of cavity 21 
shifts in response to the local absolute or gage pressure of 
?uid 13. The pressure, in turn, is a function of density, ?uid 
depth d With respect to the relative height of sensor 12, and 
external overpressure. In other embodiments, the geometry of 
cavity 21 changes in response to a differential pressure, or in 
response to a temperature or ?oW rate Within process ?uid 13. 

To measure the relevant process ?uid parameter, transmit 
ter 11 scans query signal 1 5A across a range of frequencies 
de?ned about the central resonance of cavity 21. Signal cou 
pler 22 receives query signal 15A and transmits the signal 
energy to cavity 21. When query signal (or sampling signal) 
15A matches the shifted resonance frequency, sensor 12 is 
driven at resonance and the electromagnetic energy Within 
cavity 21 increases. Cavity 21 is designed as a high-Q system 
in order to reduce absorption, so that a substantial portion of 
the incoming energy is re-broadcast (or re-transmitted) via 
signal coupler 2 to create echo signal (or response signal) 
15B. That is, signal coupler 22 couples cavity 21 to the 
electromagnetic ?eld of query signal (sampling signal) 15A, 
and generates response signal (echo signal) 15B by scattering 
at the resonance. 
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4 
As shoWn in FIG. 1, RF signals 15A and 15B are direc 

tional, With a particular sense of propagation along the gen 
eral direction betWeen transmitter 11 and sensor 12. In other 
embodiments, transmitter 11 and sensor 12 generate dipole 
type electromagnetic radiation ?elds, in Which RF signals 
15A and 15B are substantially rotationally symmetric about 
antennas 19 and 23. In further embodiments, signals 15A and 
15B are characterized by substantially isotropic radiation 
?elds. Alternatively, signals 15A and 15B are delivered along 
a cable or other conductor, rather than generally broadcast 
through the environment, as described beloW With respect to 
FIGS. 2A and 2B. 
By scanning the query signal until a response or scattered 

echo signal is obtained, transmitter 11 determines the shifted 
resonance frequency of sensor 12. The shifted resonance 
frequency is determined by the effective resonance length of 
resonant cavity 21, Which in turn depends upon thermody 
namic contact With process ?uid 13. Thus the shifted reso 
nance frequency is a function of the pressure, temperature, 
?oW rate and other process variables that describe process 
?uid 13. 

FIG. 1 illustrates a number of advantages of system 10. 
First, sensor 12 is directly responsive to pressure, tempera 
ture, ?oW and other process variables or ?uid parameters, due 
to the direct geometric response of cavity 21 to thermody 
namic contact With process ?uid 13. This contrasts With elec 
tromechanical pres sure transducers and circuit-based resona 
tors, Which rely on pieZoelectric elements, L-C or L-R-C 
components, and other devices that rely upon indirect thermal 
and mechanical effects, rather than on a direct relationship 
betWeen frequency and cavity geometry. 

In addition, sensor 12 and resonator cavity 21 operate on 
the principles of electromagnetic resonance, rather than 
acoustic or mechanical resonance. This distinguishes from 
surface acoustic Wave (SAW) sensors, acoustic strain gauge 
sensors, and boundary acoustic Wave techniques. In addition, 
sensor 12 does not require a poWer supply. Instead, transmit 
ter 11 interrogates sensor 12 via query signal 15A, and, When 
resonance occurs, sensor 12 simply re?ects or scatters the 
query signal to produce echo or response signal 15B, Without 
additional poWer input. Transmitter 11 then determines the 
relevant process parameter based on echo signal 15B, Where 
the resonant scattered frequency is a function of the pressure, 
temperature and ?oW Within process ?uid 13, based on the 
geometrical response of cavity 21. 

FIG. 2A is a cutaWay schematic shoWing remote sensor 
system 10 in a cabled embodiment. In this embodiment, 
transmitter 11 and sensor 12 communicate query and 
response signals via RF cable 25 (shoWn partly in dashed 
lines). This contrasts With the Wireless embodiment of FIG. 1, 
in Which the query and response signals are freely-propagat 
ing broadcast ?elds that travel betWeen transmitter 11 and 
sensor 12 through process ?uid 13 and the ambient environ 
ment of system 10. 

Cabled embodiments of transmitter 11 typically comprise 
cable connector/transceiver 26, Which combines the func 
tions of independent broadcast and receive elements 18 and 
19 of FIG. 1, above, and provides electrical and mechanical 
couplings to cable 25. In these embodiments, signal coupler 
22 of sensor 12 typically comprises a cable connector. The 
cable connecter performs analogously to the antenna-type 
coupler of FIG. 1, by coupling cavity 21 to the electromag 
netic ?eld inside cable 25, as opposed to a freely-propagating 
(Wireless) broadcast ?eld. 

Cable 25 comprises a coaxial cable, Waveguide, high-fre 
quency transmission line or similar structure With loW imped 
ance in the frequency range of query and response signals 
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between transmitter 11 and sensor 12. In typical embodi 
ments, cable 25 is insulated and shielded from external radia 
tion, in order to increase the signal-to-noise ratio of the echo 
signal. 

In the particular embodiment of FIG. 2A, cable 25 enters 
reservoir/process structure 14 at port 27, Which provides a 
pressure or ?uid seal for reservoir 14. Alternatively, port 27 is 
open, and provides a pressure or ?uid vent. 

Cabled embodiments of system 10 are appropriate for 
shielded sensor locations including doWn-hole applications, 
and for embodiments in Which process ?uid 13 or reservoir 14 
Would substantially attenuate freely propagating query and 
response signals. Cabled embodiments are also applicable in 
RF-noisy and RF-sensitive operating environments, Where 
openly-broadcast RF query and response signals Would either 
cause or be subject to interference, or Would create safety or 
security concerns. 

FIG. 2B is an alternate cutaWay schematic vieW of system 
10, in an embodiment utiliZing both cabled and Wireless 
sensors 12. In this embodiment, transmitter 11 communicates 
With sensors 12 utiliZing a combination of signal cables 25 
and freely-propagating broadcast and response signals. Sen 
sors 12 are supported Within ?uid 13 via sensor mounts 24, or 
suspended via signal cables 25. 

In some embodiments, transmitter 11 sends and receives 
query and response signals via secondary antenna 28. Sec 
ondary antenna 28 is a transceiver antenna With combined 
transmit and receive functionality, located inside reservoir/ 
process structure 14. Like RF WindoW 25 of FIG. 1, secondary 
antenna 28 provides an alternate means of signal communi 
cation When reservoir 14 is formed of an RF-impermeable 
material such as metal. 
As illustrated by FIG. 2B, signal cables 25 exhibit both 

series (“daisy-chained”) and parallel con?gurations, in Which 
some segments of cables 25 provide transmission paths to a 
number of different sensors 12, and other segments of cables 
25 are dedicated to a single sensor 12. In further embodi 
ments, system 10 utiliZes any combination of parallel and 
series sensor con?gurations, and any combination of cable 
based (transmission line) and freely-propagating (broadcast) 
query and response signals. 

To distinguish among a number of different sensors 12, 
transmitter 11 sometimes utiliZes time-shifted or “AT” mea 
surements, Which depend upon the time difference or delay 
betWeen query and response signals. The delay depends upon 
the round-trip signal transmission pathlength (S) betWeen 
transmitter 11 and sensor 12, and on the velocity (v) of signal 
propagation: 

AT: 

For freely propagating electromagnetic Waves in air and 
other relatively “thin” media (i.e., With index of refraction n 
near one), velocity v approaches the speed of light in vacuum 
(vzc) and pathlength S is approximately tWice the line-of 
sight distance betWeen transmitter 11 and sensor 12. In gen 
eral, hoWever, signal velocity v depends upon the index of 
refraction (that is, v:c/n), and in general the index of refrac 
tion depends upon the signal frequency. In addition, path 
length S is sometimes de?ned along a signal cable, rather than 
the line of sight. 

To account for these more general con?gurations, path 
length S is de?ned as the integral of the index of refraction 
over the actual signal path. That is, 
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AT : —§nds, C P 

Where P is the closed-loop signal path from transmitter 11 to 
sensor 12 and back again, including any combination of path 
segments along signal cable(s) 25 and freely-propagating 
(broadcast) segments through process ?uid 13, process struc 
ture 14, or other components of the ambient environment 
surrounding system 10. 

In some embodiments, each individual sensor 12 is char 
acteriZed by a substantially unique effective pathlength and 
corresponding delay AT, and transmitter 11 distinguishes 
among sensors on this basis. In other embodiments, sensors 
are also distinguished by cavity tuning, as described in more 
detail beloW. In typical embodiments, therefore, transmitter 
11 is con?gured to distinguish among individual sensor 12 by 
a combination of time-delay and cavity tuning, providing 
independent, redundant and complementary means of sensor 
identi?cation. 

FIG. 2B also illustrates that sensors 12 are con?gurable in 
a variety of horiZontal, vertical and intermediate angular ori 
entations. In the horizontal embodiment, opposing ends of 
sensor 12 are subject to essentially the same average pressure 
due to depth d of process ?uid 13. In angled or vertical 
orientations, there is also a differential pressure effect due to 
the variable depth of ?uid 13 along the cavity resonator. 

FIGS. 3A and 3B are perspective vieWs of remote sensor 
12, shoWing cavity resonator 21 in a cylindrical embodiment. 
Sensor 12 comprises cavity resonator 21, signal coupler 22 
and tuner 23. FIG. 3A shows remote sensor 12 in a Wireless 
embodiment, in Which signal coupler 22 comprises an 
antenna, and FIG. 3B shoWs a cabled embodiment, in Which 
signal coupler 22 comprises a cable connector and cavity 21 
has a different aspect ratio. 

Cavity resonator 21 comprises cavity or Waveguide body 
31 With ?rst and second opposing re?ectors (re?ecting end 
Walls) 32 and 33. In some embodiments, cavity 21 is a 
vacuum resonator cavity, Which as used herein encompasses 
air-?lled and other relatively loW-density ?uid-?lled resona 
tor cavities, such that the index of refraction Within the cavity 
is approximately unity (that is, nzl). In these embodiments, 
cavity 21 typically maintains a pressure seal to prevent ?uid 
in?oW and out?oW along the boundaries betWeen Waveguide 
body 31 and re?ectors/end Walls 32 and 33, and at signal 
coupler 22 and tuner 23. 

Cavity 21 is con?gured to exhibit good conductivity and 
re?ectivity With loW losses in a frequency region surrounding 
a strongly peaked resonance. That is, resonator 21 is a high-Q 
cavity, Where the Q-factor (or “quality”) of the resonator is 
de?ned beloW. 

Re?ectors/end Walls 32, 33 are typically formed of con 
ducting and RF-re?ecting metals or metal alloys, such as 
copper, steel or aluminum. In some embodiments, re?ectors 
32 and 33 are formed of a highly polished material With a 
loW-resistivity coating such as silver, in order to further 
increase conductivity and re?ectivity. 

In additional embodiments, re?ectors/ends Walls 32 and 33 
are formed of another material, such as a plastic or other 
durable polymer, Which is coated or plated With a metal or 
metal alloy, including highly conductive and RF-re?ecting 
materials such as silver and gold. In these embodiments, the 
materials of re?ectors/ end Walls 32 (and other components of 
sensor 12) are sometimes selected to reduce the effects of 
thermal expansion, in order to increase independent sensitiv 
ity to pressure effects. Suitable materials With loW coe?i 
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cients of thermal expansion include ?oat glass and optical 
glass ceramics, some of Which have thermal expansion coef 
?cients of approximately Zero. 

Cavity body 31 is disposed betWeen opposing re?ectors 22 
and 23, such that cavity 21 de?nes an electromagnetic 
Waveguide With effective longitudinal resonance length L. In 
the embodiments of FIGS. 3A and 3B, for example, longitu 
dinal dimension L is de?ned betWeen re?ectors 22 and 23 
along axial centerline CL. 

The effective longitudinal resonance length determines the 
loWest value of the central resonance frequency for substan 
tially longitudinal modes. That is, 

C [3] 
fo=m, 

Where n is the index of refraction. The index of refraction is a 
function of frequency f, but the frequency dependence is 
typically small in the region surrounding resonance. 

Because sensor 12 is in thermodynamic contact With a 
process ?uid, cavity 21 is subject to pressure, temperature and 
?oW effects, Which change the geometry of cavity 21 and shift 
the central resonance frequency. That is, the central resonance 
frequency of cavity 21 shifts as a function of thermodynamic 
contact With the process ?uid. 
When cavity 21 is in pressure contact With a ?uid, ?rst 

re?ector/end Wall 32 is subject to pressure P1 and second 
re?ector/end Wall 33 is subject to pressure P2. As a result, 
re?ectors/end Walls 32 and 33 tend to ?ex, changing the 
effective resonance length and shifting the central resonance 
frequency as a function of the pressure inside the process 
?uid. 

In some embodiments, sensor 12 has a substantially hori 
Zontal orientation, such that pressures P 1 and P2 are equal and 
sensor 12 is responsive to an absolute pressure. In other 
embodiments, including vertical and angled orientations, 
pressures P1 and P2 differ and sensor 12 is responsive to a 
differential pressure. In further embodiments, one or both of 
re?ectors/end Walls is in pressure contact With an external 
reference, and sensor 12 is responsive to a gage pressure or 
absolute pressure. 

In additional embodiments, there is ?uid ?oW along cavity 
body 31. In these embodiments, sensor 12 responds to the 
Bernoulli effect and other ?oW-dependent contributions to a 
pressure differential across end Walls 32 and 33. To improve 
response, sensor 12 is sometimes installed across a ?oW 
obstruction or ?oW constriction con?gured to increase differ 
ential pressure and ?oW sensitivity. 

In general, the thermodynamic contact betWeen cavity 21 
and ?uid 13 includes thermal contact, and cavity 21 tends to 
approach the process ?uid temperature. In this case, both the 
longitudinal resonance length (L) and the radius (r) are also 
functions of temperature, Which provides an additional con 
tribution to the shift in resonance frequency. 

The magnitude of the various pressure, temperature and 
?oW dependencies are determined by the geometry and ori 
entation of cavity 21, and by the coe?icient of thermal expan 
sion of body 31 and end Walls 32, 33. In typical sealed 
embodiments, for example, the effects of thermal expansion 
are relatively loW, as compared to the effects of pressure, and 
sensor 12 operates substantially as a pressure sensor. In 
embodiments using materials With very loW coe?icients of 
thermal expansion, moreover, such as Zero thermal expansion 
coe?icient materials, thermal effects can be reduced or sub 
stantially eliminated. In unsealed embodiments, on the other 
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8 
hand, ?uid is free to ?oW into and out of cavity 21, such that 
the internal and external pressures equilibrate. In these 
embodiments, pressure has less effect on cavity geometry and 
sensor 12 operates substantially as a temperature sensor. 
The resonance condition for cavity 21 is determined by 

central resonance frequency f0, as shifted by thermodynamic 
contact With the process ?uid, and by resonance Width (Af), 
Which determines the range of frequencies about fO at Which 
cavity 21 Will exhibit resonant oscillations. The ratio of the 
central resonance frequency (f0) divided by the full Width of 
the resonance (Af) determines the quality factor of the cavity. 
That is, 

f0 
Q = E, 

Where Af is the full Width at half maximum (FWHM), as 
de?ned across central resonance frequency fO at half maxi 
mum energy. 

Typically, oscillator energy goes as the square of the ampli 
tude, such that resonance Width Af is also the full Width of the 
resonance at half the maximum amplitude squared. For 
high-Q cavities such as cavity 21, moreover, the Q-factor is 
approximately tWo pi (275) times the ratio of energy stored 
(E0) to energy dissipated (AE) per cycle. Thus: 

Because cavity 21 has high Q, it is not excited to resonance 
until the query signal matches central resonance frequency fO 
to high accuracy. This provides for precise measurement of 
central resonance frequency f0, and precise measurement of 
the thermodynamic properties (e. g., pressure, temperature or 
?oW) of the process ?uid. High-Q cavities also exhibit loW 
energy dissipation (loW loss), so that more energy is available 
for the response signal or “echo”. 
When sensor 12 is excited to resonance, the electromag 

netic energy stored in cavity 21 increases substantially. Some 
of this energy is re-transmitted into the electromagnetic ?eld 
via signal coupler 22, either along a signal cable (e.g., via a 
cable connector) or in the form of a freely-propagating elec 
tromagnetic Wave (e. g., via an antenna). At resonance (When 
the incident query signal matches the resonance frequency), 
cavity 21 acts as a strong scatterer, Which re?ects the query 
signal back to the transmitter. 
The scattered RF energy creates an echo or response signal 

When the cavity is on resonance (that is, When the query signal 
matches the shifted resonance frequency). A cavity is typi 
cally on resonance When the frequency of the query signal 
falls Within the FWHM of central resonance frequency f0, or 
at most Within a feW times the FWHM. When the incident 
query signal does not fall in this range, the cavity is off 
resonance (that is, the query signal does not match the shifted 
resonance frequency), and scattering is signi?cantly 
decreased. Off resonance, that is, the echo/response signal is 
either substantially attenuated, or essential absent (that is, not 
normally detectable). 

FIGS. 4A and 4B are alternate perspective vieWs of sensor 
12, in rectangular cavity embodiments. FIG. 4A shoWs cavity 
21 With a generally square cross section and approximately 
1:1 transverse aspect ratio. FIG. 4B shoWs cavity 22 With a 
rectangular cross section and arbitrary transverse aspect ratio. 
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FIGS. 3A, 3B, 4A and 4B are illustrative of a Wide range of 
different cavity resonator con?gurations, in Which antenna/ 
cable connector 22 and frequency tuner/Wavelength adjuster 
23 are connected either to cavity body 31 or re?ectors/end 
Walls 32 and 33. In addition to the circular and rectangular 
cross sections shoWn here, cavity body 31 also has spherical 
embodiments, in Which re?ectors/ends Walls 32, 33 are dia 
metrically opposed portions of the sphere, coaxial embodi 
ments, and other, more generaliZed Waveguide, resonator and 
cavity-based geometries. 

In some of these embodiments, both re?ectors 22, 23 and 
cavity Walls 31 comprise re?ective materials. In these 
embodiments, the typical propagation modes are transverse 
electric (TE) and transverse magnetic (TM) modes, and the 
effective resonance length depends upon a number of differ 
ent geometrical factors. In the rectangular geometry of FIGS. 
4A and 4B, for example, the central resonance frequencies for 
transverse modes are: 

2 

1,3 
C 

2n E 

Where L1, L2 and L3 are the length, Width and height of the 
cavity, in no particular order, and mode numbers n1, I12 and n3 
correspond to the number of half-Wavelengths along dimen 
sions L1, L2 and L3. 

In rectangular con?gurations, the effective resonance 
length depends upon individual lengths L1, L2 and L3, and on 
the mode of propagation: 

L(m, n) = [ E 

In the ?rst longitudinal mode (nl:l), With length L 1 substan 
tially less than both L2 and L3 (L1<<L2 and L2<<L3), Eq. 6 
reduces to LzLl. This is the same result as for the substan 
tially longitudinal modes in a tWo-re?ector cavity, as 
described above. For cylindrical cavities With relatively large 
radius r, the longitudinal resonance length is also approxi 
mately equal to the axial length L. 

For non-longitudinal oscillations, on the other hand, the 
resonance length depends upon more than one cavity dimen 
sion, and the functional forms can be complex. Nonetheless, 
an effective resonance length can be uniformly de?ned as 
one-half the Wavelength of the loWest-frequency resonance 
(or other relevant mode). The effective resonance length, 
moreover, remains dependent upon cavity geometry, regard 
less of its particular functional form. This alloWs process 
variables (including pressure and temperature) to be deter 
mined from the shift in resonance frequency, because the shift 
depends on cavity geometry and cavity geometry depends on 
the process variables. 

Tuner 23 comprises an adjustable tuner or Wavelength 
shifting element that alters the geometry of one or more of 
cavity body 31 and re?ectors 32 and 33. This changes the 
central resonance frequency of cavity 21, independently of 
thermodynamic effects, and alloWs individual sensors to be 
identi?ed. 

In some embodiments, tuner 23 tunes the central resonance 
of cavity 21 by changing its effective resonance length, and 
tuner 23 is a Wavelength shifting device. In other embodi 
ments, tuner 23 changes the mode structure of the resonance, 
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10 
and is a mode shifting device. In typical embodiments, hoW 
ever, tuner 23 has both Wavelength shifting and mode shifting 
functions. 
As shoWn in the representative illustrations of FIGS. 3A, 

3B, 4A and 4B, tuner 23 takes on a number of different forms, 
including, but not limited to, posts, tubes, rods and other 
substantially cylindrical members, screens, plates, Walls, 
re?ectors and other substantially planar members, and com 
binations thereof. Tuner 23 sometimes adjusts the orientation 
or position of a re?ecting or absorbing body Within cavity 
body 31, as shoWn in FIG. 4A, and sometimes adjusts the 
orientation or position of one or more of re?ectors 32 or 33, as 

shoWn in FIG. 4B. In further embodiments, tuner 23 com 
bines these functions, as shoWn in FIGS. 3A and 3B. 

Typically, tuner 23 is used to tune a number of individual 
resonators 21 into a series of frequency bands, such that the 
bands do not substantially overlap as a function of thermo 
dynamic contact With the process ?uid. This decouples cavity 
identi?cation from measurement sensitivity, so that each cav 
ity sensor 12 has an individual tuning band, With the process 
parameters determined from shifts Within each band. This 
alloWs a plurality of different sensors 12 to be identi?ed by 
distinct and non-overlapping response signal ranges or tuning 
bands, each uniquely determined by tuner 23. In other 
embodiments, individual sensors are also identi?ed by time 
delay (AT), as described above, providing a redundant means 
of sensor identi?cation. 

Although the present invention has been described With 
reference to preferred embodiments, the terminology used is 
for the purposes of description, not limitation. Workers 
skilled in the art Will recognize that changes may be made in 
form and detail Without departing from the spirit and scope of 
the invention. 

The invention claimed is: 
1. A remote system for sensing a process ?uid parameter, 

the system comprising: 
a cavity con?gured to resonate at a cavity frequency that 

shifts in response to the process ?uid parameter; 
a tuner coupled to the cavity in order to tune the cavity 

frequency; 
a signal coupler coupled to the cavity in order to receive a 

query signal and transmit an echo signal When the query 
signal matches the cavity frequency, the signal coupler 
comprising an antenna con?gured to receive micro 
Waves and conduct the microWaves to the cavity; and 

a transmitter con?gured to transmit the query signal to the 
signal coupler by broadcasting the microWaves to the 
cavity, the transmitter further con?gured to receive the 
echo signal from the signal coupler and measure the 
process ?uid parameter as a function of the echo signal. 

2. The system of claim 1, Wherein the process ?uid param 
eter comprises a pressure. 

3. The system of claim 1, Wherein the transmitter is further 
con?gured to identify the system as a function of the echo 
signal. 

4. The system of claim 3, Wherein the transmitter is further 
con?gured to identify the system as a function of a time delay 
betWeen the query signal and the echo signal. 

5. The system of claim 1, Wherein the transmitter com 
prises a secondary antenna for broadcasting the microWaves 
to the cavity inside a conducting process structure. 

6. The system of claim 1, Wherein the signal coupler com 
prises a cable connector con?gured to conduct the query 
signal from the cable to the cavity and to conduct the echo 
signal from the cavity to the cable. 
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7. The system of claim 1, wherein the cavity is formed of a 
conducting material and has an interior index of refraction of 
about one. 

8. A remote sensor for process ?uid, the sensor comprising: 
an RF vacuum resonator in thermodynamic contact With 

the process ?uid, such that a resonant frequency of the 
resonator is a function of the thermodynamic contact; 

a frequency tuner coupled to the resonator, such that the 
resonant frequency is a further function of a position of 
the frequency tuner; and 

a coupler coupling the resonator to an RF signal, such that 
the sensor generates a response When the resonator is 
excited at the resonant frequency; 

Wherein the function of the position of the frequency tuner 
has a substantially greater range than the function of the 
thermodynamic contact and is substantially decoupled 
from the function of the thermodynamic contact. 

9. The sensor of claim 8, Wherein the resonant frequency is 
betWeen approximately one hundred megahertZ and approxi 
mately one hundred gigahertZ. 

10. The sensor of claim 8, Wherein the coupler comprises 
an RF antenna. 

11. The sensor of claim 8, Wherein the coupler comprises 
an RF cable connector. 

12. The sensor of claim 8, Wherein the thermodynamic 
contact comprises pressure contact. 

13. The sensor of claim 12, Wherein the pressure contact 
depends upon ?oW in the process ?uid. 

14. The sensor of claim 12, Wherein the resonator is com 
prised of a material With substantially Zero coef?cient of 
thermal expansion. 

15. The sensor of claim 8, Wherein the thermodynamic 
contact comprises temperature contact. 

16. A cavity sensor for a process ?uid, the cavity sensor 
comprising: 

?rst and second opposing re?ectors; 
a Waveguide disposed betWeen the ?rst and second re?ec 

tors to de?ne a cavity length therebetWeen, Wherein the 
cavity length is a function of thermodynamic contact 
With the process ?uid; 

a Wavelength adjuster attached to the Waveguide to adjust 
the cavity length independently of the thermodynamic 
contact; and 
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a signal coupler coupling the Waveguide to an electromag 

netic ?eld having a Wavelength, such that the cavity 
sensor strongly scatters the electromagnetic ?eld When 
the Wavelength corresponds to the cavity length. 

17. The cavity sensor of claim 16, Wherein the Waveguide 
de?nes a cavity length betWeen approximately one millimeter 
and approximately one meter. 

18. The cavity sensor of claim 16, Wherein the cavity length 
is a substantially longitudinal effective resonance length. 

19. The cavity sensor of claim 16, Wherein the cavity length 
is a substantially transverse effective resonance length. 

20. The cavity sensor of claim 16, Wherein the signal cou 
pler comprises a cable connector for coupling the Waveguide 
to the electromagnetic ?eld inside a signal cable. 

21. A remote system for sensing a process ?uid parameter, 
the system comprising: 

a cavity con?gured to resonate at a cavity frequency that 
shifts in response to the process ?uid parameter; 

a tuner coupled to the cavity in order to tune the cavity 
frequency; 

a signal coupler coupled to the cavity in order to receive a 
query signal and transmit an echo signal When the query 
signal matches the cavity frequency, the signal coupler 
comprising a cable connector con?gured to conduct the 
query signal from a cable to the cavity and to conduct the 
echo signal from the cavity to the cable; and 

a transmitter con?gured to transmit the query signal to the 
signal coupler, receive the echo signal from the signal 
coupler and measure the process ?uid parameter as a 
function of the echo signal. 

22. A remote system for sensing a process ?uid parameter, 
the system comprising: 

a cavity con?gured to resonate at a cavity frequency that 
shifts in response to the process ?uid parameter; 

a tuner coupled to the cavity in order to tune the cavity 
frequency; and 

a signal coupler coupled to the cavity in order to receive a 
query signal and transmit an echo signal When the query 
signal matches the cavity frequency; 

Wherein the cavity is formed of a conducting material and 
has an interior index of refraction of about one. 


